We present a technique for measuring the radiative lifetimes of metastable states of negative ions that involves the use of a heavy-ion storage ring. The method has been applied to investigate the radiative decay of the np 3 2 P 1/2 levels of Te − ͑n =5͒ and Se − ͑n =4͒ and the 3p 3 2 D state of Si − for which the J =3/2 and 5/2 levels were unresolved. All of these states are metastable and decay primarily by emission of E2 and M1 radiation. Multi Configuration Dirac-Hartree-Fock calculations of rates for the transitions in Te − and Se − yielded lifetimes of 0.45 s and 4.7 s, respectively. The measured values agree well with these predicted values. In the case of the 2 D state of Si − , however, our measurement was only able to set a lower limit on the lifetime. The upper limit of the lifetime that can be measured with our apparatus is set by how long the ions can be stored in the ring, a limit determined by the rate of collisional detachment. 
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I. INTRODUCTION
In general, a measurement of the radiative lifetime of an excited state involves studying the evolution of the population of the state. The lifetime can be extracted from the resulting exponential decay curve. In the case of ions, one common method is to extract the ions from a source and focus and accelerate them to form a monoenergetic and unidirectional beam. In the beam-foil method ͓1,2͔, for example, the ions of the beam are nonselectively excited at a well-defined time by passing them through a thin foil. Since the ions move at a constant velocity, their temporal decay is converted into a spatial decay behind the foil. If the excited state decays via electric-dipole ͑E1͒ emission, it has a lifetime that is typically a few nanoseconds. In this case the rate of decay is sufficient to allow one to passively monitor the population change by studying the spatial decrease in intensity of the emitted radiation over a relatively short distance. The beam-foil method has essentially been replaced by the beam-laser method ͓3,4͔ in which the ions are selectively excited by a laser beam instead of a foil.
For metastable states, which decay by the emission of higher-order radiation such as E2 or M1, these methods, however, become impractical. The decay of such long-lived states is difficult to track using a linear accelerator and a time-of-flight method since the lifetimes usually translate to many hundreds of kilometers and the light emission intensity from the decay will be vanishingly small. For metastable states with lifetimes in the microsecond range or longer, trapping of ions in either ion traps or storage rings ͓5͔ presents a more convenient way of tracking the change in population of such states. In an ion storage ring, which is essentially a circular accelerator, one could, in principle, monitor the population of a metastable state of an ion for infinitely long times after injection into the ring since the ions would circulate forever. In practice, however, collisions with the residual gas in the ring neutralize the ions and limit the time that they can be stored. Nevertheless, storage times can be sufficiently long to track the decay of metastable states of both positive and negative ions.
A convenient way of investigating the decay of a metastable state of an ion in a ring is to actively sample the population as a function of time after injection. Most often, a probe laser is used to selectively excite ions from the metastable state in order to determine the instantaneous population of the state at the time the probe laser is applied. This probing is repeated at different times after excitation to map out the exponential decay curve. Mannervik ͓6͔ developed a laser-probing method to measure the radiative lifetimes of metastable states of positive ions. A magnetic storage ring was used to create a circulating beam of positive ions. Radiation from a laser was directed along one straight section of the ring where the ion velocity is locally changed in order to Doppler tune the ions into resonance in front of a photo detector. The laser is used to excite ions from the metastable state to a short-lived, more highly excited state. The prompt fluorescence emitted in the decay of the latter state is used to monitor the time dependence of the population of the metastable state. A decay curve for the metastable state is accu-mulated by measuring this prompt fluorescence as a function of time after the ions are injected into the ring. The probe pulse is achieved by the use of a mechanical shutter synchronized with the timing of the storage ring. The shutter is sequentially opened to let the laser light into the ring at different delay times from the ion injection. The method has been successfully used to measure lifetimes of metastable positive ions ranging from 3 ms to 28 s ͓7-9͔.
Negative ions differ intrinsically from atoms and positive ions since electron correlation plays a more enhanced role in determining their structure and dynamics. As a result of the short-range nature of the force binding the outermost electron, a negative ion has a structure consisting of, typically, only one bound state. The possibility of excited bound states of negative ions, however, was discussed more than three decades ago by Massey ͓10͔. To date, with one exception ͓11͔, only excited states with the same electronic configuration, and therefore parity, as the ground state have been observed. Consequently, traditional spectroscopic techniques involving allowed transitions between bound states are not possible in the case of negative ions. The metastability of bound excited states of negative ions accounts for the lack of emission spectra.
Even though there are few bound states in negative ions, there are many excited quasibound states that are embedded in the detachment continuum ͓12,13͔. In general, such states, which are associated with multiple excitation or core excitation, decay rapidly by the process of autodetachment induced by the Coulomb interaction between the electrons. However, in a few cases, a state in the detachment continuum of a negative ion can be metastable. Then the preferred mode of decay is autodetachment via a forbidden process that is induced by the weaker magnetic interactions. Decay by autodetachment produces neutral particles. The lifetime of the metastable state can then be determined by simply counting the number of neutral particles detected as a function of time after the ions are injected into a storage ring. This technique has been applied, for example, to study the lifetimes of metastable states of the He − ͓14͔ and Be − ͓15͔ ions. In other ions, radiative E1 transitions have been observed to occur between doubly excited states in the continuum that are metastable against autodetachment ͓16-20͔.
Theoretical studies of metastable states of heavy negative ions involve relativistic as well as correlation effects. In the case of a negative ion, there are at least two different types of bound excited states that are metastable against radiative decay. For some ions, the lowest-energy electronic configuration can couple to produce more than one bound state. Each of these states is characterized by a different term value. For example, ions with np 3 configurations couple to excited 2 D and 2 P terms, in addition to the ground-state 4 S term. The excited states 2 D and 2 P states radiatively decay to the 4 S ground state of the same parity primarily via E2 and M1 transitions. This is the situation for Si − , which is one of the ions investigated in this work. More generally, the higherlying levels of the fine-structure multiplet of the ground state are metastable since they can only decay radiatively to lower-lying levels of the same multiplet. This case is represented in the present work by Te − and Se − ions with a np 5 configuration. Again, this involves E2 and M1 transitions since both levels have the same parity. There is, however, an important difference in the decay of ions with configurations of np 3 and np 5 . In the latter case, the transition between the 2 P 1/2 and 2 P 3/2 levels is "spin allowed." In the former case, the transition between the 4 S 3/2 and 2 D 3/2,5/2 states is "spin forbidden." Furthermore, the case of the np 3 configurations is special in that, generally, the larger spin-orbit interactions are between the 4 S 3/2 and 2 P 3/2 and between the 2 D 3/2 and 2 P 3/2 levels. Therefore the 2 P 3/2 component in the groundstate wave function largely determines the transition rate. The lifetimes of metastable states of ions that decay via intercombination processes involving spin-forbidden E2 and M1 transitions are expected to be long.
In an earlier paper ͓21͔ we published the result of a measurement and a calculation of the radiative lifetime of the excited 2 P 1/2 state in Te − . In this paper we more thoroughly present the results of measurements and calculations of the lifetimes of metastable states of the Te − ion and of two additional ions Se − and Si − . Specifically, we have studied the lifetimes of the excited J =1/2 levels of the ground-state term np 5 2 P for Se − ͑n =4͒ and Te − ͑n =5͒. The excited J =1/2 level decays to the J =3/2 level by emission of E2 and M1 radiation. In the case of Si − , we investigated the decay of the metastable 2 D term. We were unable to resolve the finestructure levels in this measurement. The excited 2 D term decays to the ground-state 4 S term by the emission of E2 and M1 radiation. Calculations of the forbidden E2 and M1 decay rates that determined the lifetimes of all these metastable states were performed to complement the experiments.
In order to measure the radiative lifetimes of metastable states of negative ions, we have developed a technique similar in concept to that used by Mannervik to study positive ions ͓6͔. Negative ions, however, differ structurally from positive ions, and this requires a different approach to probing the excited state and to treating a substantial background associated with the neutralization of the ions in collisions with the residual gas in the ring. The method of inducing prompt fluorescence cannot be applied in the case of negative ions since the bound states are not connected optically via allowed radiative transitions. Instead, we have studied the time dependence of the decay in population by selectively photodetaching the ions in the metastable state. Changes in the yield of neutrals produced by photodetachment were used as a monitor of population changes due to the radiative decay. In some aspects this method is also similar to the approach suggested in an article by Balling et al. ͓22͔ . It is a very powerful method since the neutralized ions leave the ring in a beam and can be monitored with high efficiency. Negative ions are, however, more weakly bound than positive ions and are therefore more readily neutralized in collisions with particles of the residual gas in the ring. Collisions compete with radiative decay in the depopulation of a metastable state. They also lead to a redistribution of populations of the ground and excited states. The neutrals produced in collisional detachment are the source of a significant background in studies of negative ions. The collisional detachment rate, in fact, determines how long negative ions can be stored in the ring and, therefore, the upper limit to the radiative lifetime that can be measured. As we shall see, the present method is applicable if the radiative lifetime is shorter than the maximum ion storage time, as determined by collisional detachment.
II. EXPERIMENTAL PROCEDURE
The experiments were performed at the heavy-ion storage ring CRYRING situated at the Manne Siegbahn Laboratory in Stockholm ͓23͔. The negative ions were produced in both the ground state and bound excited states in a sputter ion source. The success of the present method relies on the fact that the environment in the source creates a population distribution between ions in the ground and excited states that is not in equilibrium with the thermal environment in the ring. After being accelerated to an energy of typically 30 keV, the ions were injected into the storage ring. The probe laser beam was aligned along one of the 4.3-m-long straight sections of the ring so that it merged collinearly with the ion beam, as shown in Fig. 1 . The wavelength of the laser was chosen to selectively photodetach ions in the excited state, while leaving those in the ground state unperturbed. A neutral-particle detector ͓24͔ was placed in the tangential arm of the ring after the laser-ion interaction region. The detector counted the number of ions that were neutralized in the interaction region. Ions in all states were neutralized by collisions with the residual gas while only excited state ions where neutralized by the photons. The fast neutral particles impinged on the glass plate which was coated with a thin layer of In 2 O 3 : Sn. Secondary electrons emitted from the coating were detected with a channel electron multiplier ͑CEM͒. The coating served to prevent the glass plate from becoming electrically charged. The signal in the experiments was the number of neutral particles reaching the detector when the laser was turned on for a fixed time period.
For each ring cycle, consisting of injection, acceleration, storing, and dumping of the ion beam, the laser beam was turned on by opening a computer-controlled mechanical shutter at different times after injection ͑t =0͒ to track the evolution of the population of the metastable state. Since the probe laser affects the population of the excited state, the laser was turned on only once per ring cycle, at different delay times in each cycle. A generic timing diagram is shown in Fig. 2 . It should be noted that only the extra signal on top of the background in the figure is due to photodetachment. The background must be subtracted to get the signal that is proportional to the population of the excited level. In order to obtain data of high statistical quality, the signal was accumulated over many ring cycles. As a result it was necessary to normalize the signal with respect to the number of excited ions injected into the ring in each cycle. This was achieved by applying a short ͑10 ms͒ laser pulse in the beginning of each cycle. The increase in signal during this pulse was proportional to the initial population of the metastable state. This pulse was made sufficiently short to ensure that the population of the metastable state was not depleted appreciably during the time the probe pulse was applied. Figure 3 illustrates the technique by showing data from Si − . Area D is the signal obtained for the short laser pulse used for normalization while area A is the time interval used to determine the level of population after the actual delay time. The areas B1, B2, and C are used to determine the background for collisional neutralization. Thus the photodetachment signal is ͓A − ͑B1+B2͒ /2͔, while C and D are used for normalization ͑a correction that is usually negligible͒.
The primary source of background in the experiment was neutrals produced from negative ions in collisions with residual gas particles. Negative ions in both the excited and ground states were detached in this manner. The decay rate was different for ions of different species and depends on the detachment cross section and the pressure in the ring. Colli- sional detachment decay curves were accumulated with the laser turned off. Collisions of the ions with the residual gas in the ring can, in addition to causing detachment, also redistribute the populations between the ground and excited states. This process was investigated in the following manner. Just after the injection of the ions into the ring, laser light was applied for a time sufficient to completely deplete the population of the excited state by photodetachment. When the laser is subsequently turned off, the population in the excited state starts to build up again via repopulation from the ground state. This buildup can be probed with the same technique used to investigate the radiative decay of the excited state ͓25͔.
A typical decay curve consists of a set of data points, each representing the number of neutrals detected at a given time after injection, corrected for the collisional detachment contribution. This quantity is proportional to the population of the metastable state and of the number of ions in the ring at a given time after injection. The repopulation of the metastable state caused by collision with rest gas in the ring is, at equilibrium, proportional to the ͑decaying͒ intensity of the ion beam in the ring. In general, the extracted decay curves were found to be the sum of two exponentials. The fasterdecaying component corresponds to the decay of the metastable state, and the longer component is associated with the intensity of the ion beam and collisions that redistribute the populations of metastable and ground states.
The decay rate extracted for the metastable state is mainly due to the radiative decay, but collisional detachment will also contribute. In order to determine the contribution of the collisional detachment effect for the metastable state, we accumulated decay curves at several different ring pressures. In the present work, we used either three or four different pressures, the highest being about a factor of 4 greater than the lowest pressure, which was the normal residual pressure in the ring. The pressure change is accomplished by controlled heating of a vacuum pump in one section of the ring. The decay of the ion beam due to collisions with background gas was carefully measured at each pressure, and the rate of this decay was used to establish a relative pressure scale. Uncertainties in this measurement contribute to the error estimate in the final lifetime values. We then used the pressuredependent radiative decay rates that were extracted from the two-exponential fits to the decay curves and the relative pressures extracted from the stored lifetime of the beam to form a Stern-Vollmer plot. An extrapolation of the best linear fit to the data points at the different pressures allowed us to determine the zero-pressure intercept. At the zero-pressure limit, the radiative decay is unperturbed by collisions and the true radiative lifetime of the metastable state can be extracted from the data.
III. RESULTS
The radiative lifetimes of metastable states of three different ions were studied in the experiments described in this paper. In Fig. 4 As can be seen in Fig. 4 , the Te − and Se − ions consist only of the ground state with its two fine-structure components.
In the case of Te − , the J =3/2 ground state is bound by 1.970 876͑7͒ eV relative to the ground state of the parent Te atom ͓26͔. The excited J =1/2 level of the same 2 P term lies 0.620 586 eV ͓27͔ above the J =3/2 level. Correspondingly, Se − has an electron affinity of 2.020 67͑2͒ eV and a finestructure splitting of 0.282 461 eV ͓27͔. The cw radiation used to selectively photodetach ions in the 2 P 1/2 level was produced using a dye laser pumped by an argon-ion laser. The output from the dye laser was typically 1 W, and the power used in the interaction region was approximately 200 mW. The experiment was straightforward. For each ring injection, the laser beam was turned on at different times after injection ͑t =0͒ to track the evolution of the population of the J =1/2 level. Figure 5 shows a measured decay curve of the metastable J =1/2 level of the 4p 5 2 P term in Se − . Figure 6 shows the corresponding decay curve of 5p 5 2 P term of Te − . The solid line shows the best fit to the sum of two exponentials. The exponential with the longer decay constant is associated with the collisional transfer of population between the J =1/2 and J =3/2 levels. Figure 7 shows the SternVollmer plot of the decay constant measured for Se − at four different ring pressures that were used to eliminate the effect of collisions. The best linear fit to the data was extrapolated to yield a zero-pressure rate of 0.21 s −1 . Correspondingly, the best linear fit to the four data points from our study of Te − yielded a zero-pressure intercept of 2.38 s −1 . The uncertainties in the lifetime measurements are determined primarily by our ability to accurately determine the zero-pressure intercept. The error in the intercept arises from the extrapolation of the best linear fit through the data points at the four different pressures. This curve-fitting error depends on the statistical quality of the four data points, which represent the pressure-dependent radiative rates. Thus, the error bars on these points originate in the two-exponential fits to the decay curves taken at each pressure. In general, the larger the difference in the decay constants of the two exponentials, the better the fit and the smaller the error bar on the data points in the Stern-Vollmer plot. This, in turn, allows the extrapolation of the linear fit through the data points to determine the zero-pressure intercept more accurately. We feel that the error on the intercept arising from the fit, which is statistical in origin, is unrealistically small since only four data points are used in the fit. In the case of Se − , we have estimated more conservative uncertainties in the lifetimes in the following manner. First we noted that the linear fits in the Stern-Vollmer plots showed a relatively weak pressure dependence. Over a change in pressure of a factor of 4, the decay rates only change by about 50% for the Se − case and 20% in the case of the Te − . The zero-pressure rate must be lower than the rate at the lowest pressure studied, the base pressure. We have therefore used the upper value of the error bar on the lowest-pressure data point to represent the uncertainty on the zero-pressure intercept. Using this method, we obtain an uncertainty in the decay rate for Se − of 0.03 s −1 . Converting this to lifetime, the experimentally determined lifetime is 4.7± 0.7 s. for Se − . In the case of Te − , an uncertainty in the decay rate of 0.3 s −1 yields a final lifetime value of 0.42± 0.05 s.
The results of these measurements are in excellent agreement with value obtained using the Multi Configuration Dirac-Hartree-Fock ͑MCDHF͒ formalism that is discussed later in the text.
B. 3p 3 2 D term in Si −
A diode-pumped solid-state cw Nd: YVO 4 laser was used to selectively photodetach Si − ions in the unresolved J =5/2 and 3/2 levels of the 2 D term. It was operated at a fixed wavelength of 1064 nm and had an output power of 4.7 W. Figure 4 shows that the chosen wavelength was sufficient to detach electrons from Si − ions in the 2 D levels, but not the 4 S 3/2 level. We found this lifetime to be very long, and the best we could do under the circumstances was to 2 D term. Our data indicate that the radiative lifetime of the unresolved J =5/2 and 3 / 2 levels is longer than 1 min. The subsequent predicted radiative lifetime of the metastable state confirms that the lifetime is far too long to be measured by use of the present method. It is much longer than the storage lifetime of the Si − ions in the ring, which is determined by collisional detachment.
IV. THEORY
For Te − , the MCDHF method has been used to calculate the transition probabilities for the higher-order processes of M1 and E2 decay. In the MCDHF approach, the wave functions are expanded in jj-coupled configuration states and orbital optimization is performed using energy expressions from the Dirac-Coulomb Hamiltonian ͓28͔. The finite size of the nucleus was modeled in the form of an extended Fermi distribution. The core orbitals ͑1s-4d, in nonrelativistic terminology͒ were determined from a multiconfiguration calculation that took into account some of the near degeneracy effects by including 5s 2 -5d 2 and 5p 2 -5d 2 excitations. The same orbitals were used for both the J =1/2 and 3/2 levels. The correlation model was one in which the outer electrons were assumed to have a 5s 2 5p 5 configuration. Both outershell correlation from single and double excitations ͑SD͒ and core-polarization correlation from 4d 10 were included. Since the principal quantum number has no specific meaning for correlation orbitals, it is convenient to omit the 4f orbital. An n = 5 calculation then determined the 5s-5g orbitals by optimizing simultaneously on J =1/2 and 3/2 states and keeping the core orbitals fixed. The generalized occupation number for the 5g orbital was 0.002. Consequently, no other g orbitals were included. The n = 6 calculation determined the 6s-6f orbitals in a similar fashion. Finally, the 7s-7f orbitals were introduced, but these were optimized separately for the J =1/2 and 3/2 states. Once the orbitals were optimized, the frequency-dependent Breit and QED corrections were included using a configuration interaction calculation for the Dirac-Coulomb-Breit Hamiltonian. Finally, some triple and quadruple excitations ͑TQ͒ were added to the expansion. These were obtained as SD excitations from the 5s5p 5 5d and 5s 2 5p 3 5d 2 configurations. These contributions appeared to have negligible effects on the decay rates. In Table I , the excellent stability of the results from the last three calculations is shown. The final value for the M1 decay rate is 2.19 s −1 . The M1 process dominates the E2 process in this case, the E2 rate being about two orders of magnitude smaller than the M1 rate. Thus the final calculated radiative lifetime of the 2 P 1/2 level in Te − was determined to be 0.45 s. For Se − , the MCDHF formalism was again used in the calculation of the rates for the forbidden decay processes that coupled the J =1/2 and 3/2 levels. In this case the calculated M1 rate was found to be about three orders of magnitude greater than the E2 rate. The final value for the M1 rate was 0.203 s −1 , which corresponds to a radiative lifetime of the metastable J =1/2 level of 4.92 s. The Se − calculation was not quite as extensive as the Te − one. In the case of Se − , the effect of the polarization of the 3d 10 core was excluded since it was expected to be small. Similarly, the Breit correction was not included in the Se − calculation since it was also expected to make a small contribution.
In both the Te − and Se − measurements, the decay rate associated with collisions is much smaller than the radiative decay rate. This made it relatively simple to separate the two depopulation processes using a two-exponential fit to the decay curve. In the case of Si − , however, this was not the case. O'Malley and Beck ͓29͔ have reported lifetimes of 162 s and 27.3 h for the J =3/2 and 5/2 levels of the 2 D state, respectively. In this case, the radiative rate is considerably smaller than the collision rate, and so we can only quote a lower limit on the measured lifetime of the state. In Fig. 4 , the ground and excited bound states of Si − are shown. The electrons in the 3p 3 configuration of Si − couple to produce the 4 S, 2 D, and 2 P terms in an L-S coupling scheme. The 2 P 1/2 state is, however, so weakly bound that its presence is not expected to be observed in the measurement. Ions in this state will either be detached due to collisions in the hightemperature environment of the ion source or by blackbody radiation in the initial phase after injection into the ring. Consequently, we studied only the radiative decay of the 2 D term. The J =3/2 and 5/2 levels were not resolved in the measurement. The decay to the 4 S ground state is not allowed in the E1 approximation since the upper and lower terms have the same parity. In an attempt to confirm the results reported by O'Malley and Beck, the MCHF formalism was used to determine the rates of decay of the 2 D term via M1 and E2 radiation ͓30͔ with relativistic effects included through the Breit-Pauli Hamiltonian. E2 transitions depend strongly on the outer regions of the wave function. Since the negative ion is formed through the attachment of an electron to the neutral atom, our model configuration was 3s 2 3p 2 3pЈ where 3pЈ may be quite different from 3p. In an −1 higher than the spectroscopic results. Thus correlation has been treated more completely in our case. The Breit-pauli results are not definitive in that they are sensitive to the computational details. We did not, however, find the transition probability for the M1 transition to exceed that for the E2 transition, 4 S 3/2 -2 D 3/2 . Further detailed theoretical studies are clearly needed.
V. DISCUSSION
We have used a storage ring to measure the radiative lifetimes of metastable states in several atomic negative ions. The evolution of the population of the excited state was monitored by applying a probe laser pulse at various times after the ions were injected into the ring. The measured decay rate of the excited state was corrected for depopulation via detachment collisions with the residual gas in the ring. MCDHF and MCHF calculations were performed to determine the expected rates for radiative decay via M1 and E2 transitions. The experimental method that was used is applicable to many other negative-ion species. In the present experiment, lasers were operated in the visible and IR to selectively photodetach ions in metastable states that are relatively tightly bound. commercially available optical parameter oscillators can currently generate radiation that would be suitable to selectively photodetach metastable states in ions other than those studied in the present work. There are many candidates for such measurements.
31 Table III shows the results of a MCDHF calculation of E2 and M1 rates for the decay of the metastable np 5 2 P 1/2 levels of four homologous ions O − , S − , Se − , and Te − . It can be seen from the table that the M1 rate dominates the decay process in all cases. The E2 transition energy, however, scales faster with Z than the M1 transition energy does. In the Breit-Pauli approximation, the line strength of the M1 transition is constant and so the transition rate scales simply as ⌬E 3 , where ⌬E is the transition energy. The E2 transition rate, on the other hand, scales as ⌬E 5 and the line strength, which is proportional to the transition element ͗np͉r 2 ͉np͘, increases with n. Consequently, the importance of the E2 process relative to the M1 process increases as the ion becomes heavier.
Our measurements of the lifetime for the 2 P 1/2 levels in Se − and Te − are in excellent agreement with the calculations. A measurement on the S − ion might be possible, but the predicted long lifetime of the metastable level in O − would be beyond the capabilities of the present technique. The upper limit of a lifetime that can be measured with the method introduced in this paper is set by the stored lifetime of the ions in the ring, a quantity that is determined by the rate of collisional detachment. Thus, for example, in the case of Si − , we were only able to set a lower limit on the radiative lifetime of the 2 D state because the storage lifetime of Si − ions in the ring was much shorter than the Breit-Pauli lifetimes of 12-15 h.
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